ABSTRACT: Semiconductor nanocrystal solids are attractive materials for active layers in next generation optoelectronic devices; however, their efficient implementation has been impeded by the lack of precise control over dopant concentrations. Herein, we demonstrate a chemical strategy for the controlled doping of nanocrystal solids under equilibrium conditions. Exposing lead selenide nanocrystal thin films to solutions containing varying proportions of decamethylferrocene and decamethylferrocenium, incrementally and reversibly increases the carrier concentration in the solid by two orders of magnitude from their native values. This application of redox buffers for controlled doping establishes a new paradigm for the precise control of majority carrier concentration in porous semiconductor thin films.
Semiconductor nanocrystal solids are a novel class of solution-processable, modular materials that have seen increasing use as active layers for next generation optoelectronic devices. [1] [2] [3] These solids consist of macroscopic arrays of colloidally synthesized nanoparticles, wherein the band gap and the electronic properties of the composite array can be tuned by varying the size 4 and surface chemistry 5 of the constitutive elements, respectively. However, colloidally synthesized nanocrystals typically exhibit low impurity concentrations, 6 requiring post-synthetic treatments to effectively dope the nanocrystal solid.
Chemical doping methods reported [6] [7] [8] [9] to date have primarily relied on exergonic reactions in which stoichiometric or kinetic limitations are used to control the degree of doping instead of direct modulation of the Fermi level under equilibrium conditions. For these approaches, the final doping density and homogeneity within the nanocrystal film is a complex convolution of unknown reaction rates for charge transfer, surface coordination, and/or diffusion. Indeed, the precise mechanism of doping remains ill-defined in most cases, 10,11 making a kinetic description intractable at present. In contrast to chemical methods, thermodynamic control of doping has been achieved using electrochemical methods, which shift the Fermi level of the nanocrystal solid through reversible charge transfer from the electrode. [12] [13] [14] [15] [16] Fine control over the applied potential (± 1 mV) allows the doping level to be set with precision. Despite this advantage, electrochemical doping methods are not suited to large area solution processing of nanocrystal solids and require specialized equipment.
We, herein, combine the precision afforded by electrochemical doping methods with the simplicity and scalability of chemical methods by using redox buffers to fine tune the Fermi level of the film through reversible charge transfer from solution ( Figure 1 ). Using a redox buffer, the solution potential can be easily tuned over a range of at least 180 mV positive and negative of the standard potential, E 0 , of the reagent by varying the concentration ratio of the oxidized and reduced species (SI). Owing to the wide array of available redox reagents, displaying over a 3 V range in standard potential, 17 we envisioned that exposing nanocrystal solids to an appropriate redox buffer solution would allow for precise thermodynamic control over the dopant density in the film.
Here, we demonstrate controlled doping of ethanedithioltreated lead selenide (PbSe) nanocrystal solids using the decamethylferrocene/decamethylferrocenium (Fc * /Fc *+ ) redox buffer. The carrier concentration, determined by field-effect transistor (FET) measurements, can be systematically, incrementally, and reversibly modulated by two orders of magnitude from their native values using this simple solutionbased technique.
In order to select an energetically optimal redox couple for the p-type doping of PbSe nanocrystal thin films, we determined the energetics of our target nanocrystal substrate using cyclic voltammetry (CV) (Figure 2 ). Colloidally synthesized PbSe nanocrystals were deposited onto indiumtin-oxide (ITO) coated glass pieces by sequential dip coating and were treated with ethanedithiol (EDT) to effect ligand exchange and enhance film conductivity. 10 A low temperature, −37 °C, CV of the PbSe nanocrystal-coated ITO electrodes is shown in Figure 2a . Scanning negative from the open circuit potential, a broad quasireversible cathodic wave is observed ) and a broad quasireversible anodic wave is observed beginning at −0.8 V on the return scan. Cycling the electrode over this potential range multiple times (5 cycles are shown in Figure 2a ) does not cause a significant decrease in the current response for either the cathodic or anodic waves. Additionally, scans taken with a switching potential prior to the cathodic feature also exhibit the anodic wave at −0.8 V ( Figure S1 ). Together, these observations indicate that the anodic and cathodic waves are not dependent on each other and that the Faradaic current is representative of charge injection rather than parasitic decomposition reactions. These observations are consistent with prior low temperature CV studies, 12, 13, 14 and contrast with the irreversible waves observed 18, 19 at room temperature. At −37 °C trapping and decomposition reactions are suppressed such that the potentials of cathodic and anodic charge injection closely approximate the thermodynamic potentials of the electron acceptor and donor states in the film, respectively. Indeed, the ~0.6 V separation of cathodic and anodic features is comparable to the energy of the first exciton feature, 1777 nm, 0.7 eV (Figure 2b ), of the 6.5 ± 0.3 nm PbSe nanocrystals ( Figure S2 and S3) from which the film was cast. Using the average of the potentials at which the same current for electron and hole injection into the film is observed (Figure 2a and S4) we estimate a mid-point potential, E i , of −0.98 ± 0.01 V, corresponding to the Fermi level expected for an intrinsically doped (E i ) nanocrystal film. Importantly, this value is more negative than the open circuit potential of the native film (−0.89 V; Figure 2a , ▬ ▬ ▬) indicating that the as prepared nanocrystal solid is slightly p-type. We note that the estimation of E i is crude given that the cathodic wave is less reversible than the anodic wave. 20 Notwithstanding, the p-type nature implied by the CV data is in line with electrical measurements of EDT-treated PbSe nanocrystal solids (vide infra). 21 Using the electrochemical information obtained from low temperature CV, we construct the energy level diagram shown in Figure 3 . The optical band gap of the colloidal PbSe nanocrystals is centered on an absolute energy scale relative to the Fc/Fc + redox couple using the E i value determined from CV. Whereas ferrocenium (Fc + ) is too oxidizing to effect controlled doping of this particular PbSe film (vide infra), decamethylferrocenium's (Fc *+ ) reduction potential is 0.51 V more negative making it an ideal candidate for p-type doping. Thus we examined the electronic effects of exposing PbSe films to Fc * /Fc *+ redox buffers.
Dopant density changes in the nanocrystal solid were extracted from FET measurements. Figure 4a shows that the source-drain characteristics of a freshly fabricated EDTtreated PbSe nanoparticle transistor exhibits ambipolar behavior, consistent with previous results for thiol-capped lead chalcogenide nanoparticles. 5, 8 The source-drain current increases and saturates for both positive and negative values of the gate voltage, indicating injection of both electrons and holes, respectively. The ambipolar nature of the FET is also evidenced by the distinctive takeoff of current in the negative sweep direction as a result of carrier recombination. 22 Figure 4b shows the source-drain characteristics for the same transistor after soaking in a 5 mM solution of 1:10 Fc *+ :Fc * in acetonitrile and then washing in pure acetonitrile. The device now functions as a unipolar transistor, depleting holes and reducing conductivity for positive gate voltages as opposed to accumulating electrons and increasing conductivity. The suppression of electron injection is also apparent in the disappearance of the takeoff feature in the negative sweeps. This change in gating behavior can be attributed to a shift in the Fermi level of the channel, as a more positive gate voltage is now required to remove the introduced holes before electrons can be injected. While the mobility decreases with doping, the small-field conductivity (σ) of the film (Figure 4c . Following the Ohmic definition of the channel conductivity, 24 σ = n h eµ, where n h is the density of hole majority carriers (cm
), e is the charge of an electron, and µ is the linear field-effect mobility, the carrier concentration of the film rises from 5 × 10 14 cm −3 to 1.4 × 10 16 cm −3 upon doping, due to both a decrease in the mobility and increase in the conductance. Notably, none of these changes are observed for films soaked only in pure acetonitrile, electrolyte (Bu 4 NPF 6 ) in acetonitrile, or acetonitrile solutions containing only decamethylferrocene.
We investigated the dependence of doping on the redox potential of the solution by varying the Fc *+ :Fc * ratio of the redox buffer. Figure 5 shows the effect on FET performance of varying the [Ox]:[Red] ratio over 3 orders of magnitude, covering a redox potential range ~180 mV to ~360 mV positive of the open circuit potential of the untreated films. Over this range, the conductivity exhibits a steady monotonic increase of ~20 times, while the linear field-effect mobility decreases by a similar magnitude, leading to carrier concentrations extracted from Ohm's law displaying an increase of two orders of magnitude. The precise origin of the decrease in field effect mobility is unclear at present, but may be due to increasing energetic site disorder 5 or partial screening of the gate field due to counterion mobility within the film. 25 X-ray photoelectron spectroscopy (XPS) failed to detect PF 6 − in the treated film ( Figure S5 ), in line with the low observed doping levels: less than one free carrier per 100 nanoparticles for the highest doping level in Figure 5 (see SI for detailed calculation). Notwithstanding, the electronic data indicates that increasing the redox potential of the buffer solution incrementally modulates the dopant density in the film.
Importantly, the increases in carrier concentration do not correspond precisely to that expected based on the change in the solution potential: a ~360 mV shift in solution potential results in only ~120 meV shift the Fermi level of the film (two orders of magnitude increase in carrier concentration). In analogy to what has been documented for semiconductor/solution 26, 27 junctions, we suspect that the high population of localized surface states in the nanocrystal film 20 serves to partially pin the Fermi level of the nanocrystal solid, thereby preventing a straightforward correspondence between the solution potential and carrier concentration in the film. Thus, we expect that films possessing lower surface state densities will be amenable to more efficient and stable doping using redox buffers.
To ensure that doping is occurring under thermodynamic control, we examined the time course and reversibility of the charge transfer reaction. Figure 6 illustrates changes in the dopant density, n h , of a PbSe nanocrystal FET as a function of soaking time in a series of different Fc * /Fc *+ redox buffers (see Figure S6 for raw σ and µ values). The first point was measured from untreated films which then became lightly doped to a steady state value upon soaking in a 1:1000 Fc *+ :Fc * buffer. In the middle frame, the transistors were soaked in more oxidative buffers (1:100 and 1:10 for spheres and circles, respectively) and reached new steady state levels of doping corresponding to the increased oxidizing power of the buffer. In the last frame, the transistors were both soaked back in the original buffer (1:1000) and eventually reversed to their earlier levels of doping. While the frustrated kinetics of diffusion in a microporous network 28 lead to differing time scales for each system to reach equilibrium, the time invariance following equilibration and the reversibility of the attendant doping level establishes that doping occurs under The equilibrium between the nanoparticle film and the redox buffer solution is metastable, as it exists under a chemically applied electrochemical potential while soaking. When the film is removed from the solution, it settles to a new metastable equilibrium in which charge has been injected and "frozen in", even though the film no longer experiences a chemically imposed potential. Figure S8 shows that the extracted carrier concentration drops over this initial period, but then levels out to a steady value. Thus, despite some initial reconfiguration, a large fraction of free carriers remains, leaving films whose doping concentrations are controllable and stable.
In conclusion, we have demonstrated that PbSe nanocrystal solids can be controllably doped p-type under thermodynamic control by exposure to Fc * /Fc *+ redox buffers. Studies are underway to extend this doping strategy to n-type doping as well as to other materials systems.
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